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Background of the Invention and Related Art Statement 
5 [0001] The present invention relates to an ion trap mass 
spectrometer which can be used for liquid chromatograph mass 
spectrometry (LCMS) and gas chromatograph mass spectrometry (GCMS) . 
[0002] Fig. 1 shows a liquid chromatograph mass spectrometer 
(LCMS) using a conventional ion trap mass spectrometer. Respective 
ID components temporally separated by a liquid chromatograph (LC) 11 
are ionized at an ionization section 12, and continuously 
introduced to an ion trap mass spectrometer 13. 

[0003] The ion trap mass spectrometer 13 includes one annular 
ring electrode 14 having an inner surface in one revolution form of 

1-5 hyperboloid, and a pair of end cap electrodes 15 and 16, which have 
inner surfaces in two revolution forms of hyperboloid and are 
disposed to face each other with the ring electrode 14 
therebetween. By applying radio-frequency (RF) alternating voltage 
between the ring electrode 14 and the end cap electrodes 15 and 16, 

20 a quadrupole electric field is formed in a space surrounded by the 
electrodes 14, 15 and 16 (hereinafter referred to as "an ion trap 
space") . 

[0004] Ions introduced from a through hole in one end cap 
electrode 15 are once captured by the quadrupole electric field in 
25 the ion trap space. In this condition, an alternating voltage 

(auxiliary alternating voltage) having a specific frequency is 
applied between the end cap electrodes 15 and 16, so that only ions 
having a specific mass number (mass/charge) corresponding to the 



specific frequency are resonated and oscillated inside the electric 
field in the ion trap space, to thereby exclude the ions from the 
ion trap space. If the voltage applied to the end cap electrodes 
15 and 16 is adequately set and a collision gas is introduced into 
5 the ion trap space, the ions having the specific mass number can be 
excited and dissociated. 

[0005] This method is used for an MS/MS analysis. The ion trap 
device structured as described above may be used by itself as the 
mass spectrometer, or a measurement with high mass resolution may 
lt> be conducted by introducing the ions ejected from the ion trap 
space into another mass spectrometer (for example, time-of- flight 
mass spectrometer, that is, TOF) . 

[0006] In case the ions are introduced into the ion trap mass 
spectrometer 13, an amount of introduced ions is greatly effected 

15 by the RF voltage applied to the ring electrode 14 of the ion trap 
mass spectrometer 13. For example, in case the phase of the RF 
voltage is a positive potential, positive ions which reach the ion 
trap mass spectrometer 13 are bounced back therefrom, so that the 
positive ions can not enter into the ion trap space. Also, in case 

20 the phase is a negative potential, the positive ions are 
excessively accelerated, and collide with the end cap electrode 16 
in the exit side to disappear. In the limited intermediate phase 
between the positive potential and the negative potential, only a 
part of the ions which reach the entrance of the ion trap mass 

25 spectrometer 13 can be introduced into the ion trap space. A range 
of the phase in which the ions are properly introduced into the ion 
trap space as described above is several percent of the total 
phases, and a large number of ions are not provided to the analysis 



and discarded. 

[0007] Also, a trapping potential of the ion trap is inversely 
proportional to the mass number of the ions. In order to increase 
the trap efficiency of the ions, kinetic energy of the ions is 
required to be substantially the same as the confinement potential. 
However, even if such a relationship is made in the specific ion, 
a potential necessary for confining or trapping is high for the 
ions having a lower mass number than that of the specific ion 
described above, and on the contrary, a potential necessary for 
confinement or trapping is low for the ions having a higher mass 
number than that of the specific ion, resulting in that the trap 
efficiency is decreased in both cases. Namely, the trap efficiency 
of the ion trap has a large mass dependency. 

[0008] Accordingly, an object of the invention is to provide an 

ion trap mass spectrometer, which can carry out a measurement with 
much higher sensitivity by introducing much more ions into the ion 
trap space, to thereby solve the aforementioned problems. 
[0009] Further objects and advantages of the invention will be 

apparent from the following description of the invention. 



Summary of the Invention 

[0010] To achieve the aforementioned object, the present 

invention provides an ion trap mass spectrometer, which comprises 
an ion supply source; an ion trap; an ion storing section which is 
disposed between the ion supply source and the ion trap and 
accumulates the ions at an exit side by a radio-frequency electric 
field with an axial electric -iiaA^- inclined from an entrance side 
to the exit side of the ion storing section; an entrance gate 



electrode disposed between the ion supply source and the ion 
storing section; and an exit gate electrode disposed between the 
ion storing section and the ion trap. 

[0011] The ion trap mass spectrometer may include a control 
5 section for controlling the entrance gate electrode, the exit gate 
electrode, the ion trap, and the ion storing section. According to 
the control by the control section, the entrance gate electrode is 
opened while the exit gate electrode is closed to introduce the 
ions into the ion storing section. After a first predetermined 

1-0 period of time, the entrance gate electrode is closed to accumulate 
the ions near the exit side of the ion storing section. After a 
second predetermined period of time, the exit gate electrode is 
opened to thereby emit a bunch of ions. A bunch of ions are 
introduced into the ion trap with the ring electrode voltage being 

15 cut off. When the maximum amount of ions stay inside of the ion 
trap, the ring electrode voltage is suddenly applied. Thus, the 
ions can be trapped efficiently. 

Brief Description of the Drawings 
20 [0012] Fig. 1 is a schematic structural view of an LCMS using a 
conventional ion trap mass spectrometer; 

Fig. 2 is a schematic structural view of an ion trap mass 
spectrometer of an embodiment of the invention; 

Figs. 3(a) and 3(b) are explanatory views showing movements of 
25 ions in an ion storing section, wherein Fig. 3(a) is a view in case 
an inclined electric %iad-d is not formed, and Fig. 3(b) is a view 
in case the inclined electric -£*@id is formed; 

Fig. 4 is a perspective view of multipole electrodes; 
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Fig. 5(a) is a circuit diagram showing a structural example of 
an ion storing section formed of multipole electrodes, in which an 
entire length of each pole electrode is formed of a resistor; 

Fig. 5(b) is a graph showing a distribution of axial electric 
potential in the entire length of the pole electrode in Fig. 5(a); 

Fig. 6(a) is a schematic structural view showing an ion 
storing section formed of multipole electrodes, in which only an 
exit side end portion of each pole electrode is formed of a 
resistor; 

Fig. 6(b) is a graph showing a distribution of axial electric 
potential in the entire length of the pole electrode in Fig. 6(a); 

Fig. 7(a) is a schematic structural view showing an ion 
storing section formed of multipole electrodes, in which each pole 
electrode is divided into plural sections in a longitudinal 
direction and resistors having different resistivity are used in 
the respective divided sections; 

Fig. 7(b) is a graph showing a distribution of axial electric 
potential in the entire length of each pole electrode in Fig. 7 (a) ; 

Fig. 8(a) is a schematic structural view showing an ion 
storing section formed of multipole electrodes, in which each pole 
electrode is longitudinally divided into plural sections formed of 
conductors to which different DC voltages are applied; 

Fig. 8(b) is a graph showing a distribution of axial electric 
potential in the entire length of each pole electrode in Fig. 8(a); 

Fig. 9 is a perspective view of an ion storing section formed 
of a plurality of ring-like electrodes; and 

Fig. 10 is a sequence diagram showing a timing of applying 
voltages to the respective sections. 



Detailed Description of Preferred Embodiments 

[0013] Hereunder, embodiments of the invention will be explained 
with reference to the accompanied drawings. An entrance gate 
electrode 24 allows ions supplied from an ion supply source 21 to 
pass therethrough for a predetermined period of time, such that the 
ions are allowed to flow into an ion storing section 23. Also, the 
entrance gate electrode 24 prevents the ions from entering into the 
ion storing sections 23 thereafter, and prevents the ions inside 
the ion storing section 23 from flowing outside from the entrance. 
For example, in case of the positive ions, at the time of 
introducing the ions, a voltage at the entrance gate electrode 24 
is set to be slightly higher than the entrance DC voltage of the 
ion storing section 23. Then, during a period when the 
introduction of the ions is prevented (period of closing the 
entrance gate) , the voltage at the entrance gate electrode 24 is 
set to be several tens voltage higher than the entrance DC voltage 
of the ion storing section 23. Accordingly, the introduction of 
the ions is prevented, and also, when the ions inside the ion 
storing section 23 approach the entrance side, the ions are 
reflected as described later. 

[0014] Time for introducing the ions into the ion storing 
section 23 (opening time of the entrance gate electrode 24) is 
determined based on an amount of ions which can be introduced into 
an ion trap 22. Also, this opening time can be changed in 
accordance with the amount of the introduced ions. For example, a 
total amount of the ions provided for the measurement is obtained 
from a total ion amount measured by a mass spectrometer (ion trap 
22 or a mass spectrometer in a subsequent step) in the steps of 



preceding tests, and based on this total amount, opening time of 
the entrance gate electrode 24 is determined in the present test so 
as not to saturate the ion trap 22. 

[0015] The ions entered into the ion storing section 23 are 
accumulated inside the ion storing section 23 by the RF electric 
field, and at the same time, the ions move inside the ion storing 
section 23 by initial kinetic energy. When the ions reach an exit 
gate electrode 25 or entrance gate electrode 24 at the end portions 
of the ion storing section 23, the ions are reflected by the 
voltage applied thereto, so that the ions are pushed back to the 
inside of the ion storing section 23 as shown in Fig. 3(a) . The 
ions collide with a cooling gas while going back and forth inside 
the ion storing section 23 as described above, so that the ions 
gradually lose the kinetic energy. At the same time, by the axial 
electric field, which is formed in the ion storing section 23 and 
inclined from the entrance side toward the exit side, the ions are 
accumulated near the end portion of the exit side as shown in Fig. 
3 (b) . 

[0016] The ion storing section 23 having the aforementioned 
characteristics can be achieved by various embodiments. As a first 
example, there can be exemplified an ion storing section using 
multipole electrodes. In the multipole electrodes, an even number 
of rod-like electrodes (pole electrode) are arranged parallel to 
each other and axially symmetrically, and RF voltage is applied to 
the respective pole electrodes while a phase difference between the 
pole electrodes adjacent to each other is set to be constant, so 
that a multipole RF electric field is formed inside the multipole 
electrodes, to thereby confine the ions having a predetermined mass 
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number (ma ss /charge } therein. Although Fig. 4 shows octapole 
electrodes, the multipole electrodes may be quadrupole electrodes, 
or hexapole electrodes. 

[0017] In case the multipole electrodes are used, a method of 

potest' **■ 3>T 

forming the axial electric £i£_ld inclined from the entrance side to 
the exit side can be achieved by various embodiments. Figs. 5(a) 
and 5(b) show an embodiment in which respective pole electrodes are 
formed of resistors. As shown in Fig. 5(a), an RF voltage V RF is 
applied to each pole electrode, and DC voltages V DC i and V DC2 having 
different values are respectively applied to both ends of the 
electrodes. Accordingly, as shown in Fig. 5(b), an axial electric 
potential inclined from the entrance side end portion to the exit 
side end portion of the ion storing section 23 is formed. 
Incidentally, it is needless to say that a direction of the 
inclination differs depending on the polarity (positive or 
negative) of the ions to be stored. 

[0018] In view of the object, that is, "to accumulate the ions 

at the exit side end portion", it is not necessary to incline the 
axial electric potential throughout the entire length thereof from 
the entrance side end portion of the ion storing section 23 to the 
exit side end portion thereof, and the inclined electric field can 
exist only at the exit side end portion as shown in Fig. 6(a) . In 
the example shown in Fig. 6(a), only a part of an exit side of the 
pole electrode is formed of a resistor, and an entrance side 
thereof is formed of a conductor. Accordingly, an axial electric 
potential becomes as shown in Fig. 6(b), and by this example, it is 
possible to achieve the object, that is, "to accumulate the ions at 
the exit side end portion" . 



[0019] Fig. 7(a) shows an example that each pole electrode is 

divided in a longitudinal direction, in which respective divided 
portions are formed of resistors having different resistivity. 
Accordingly, the axial electric potential becomes as shown in Fig. 
7 (b) . By adequately setting the resistivities of the respective 
resistors, the inclination form of the^electric -sHre^-d- can be freely 
changed, so that a mode of the ion accumulation can be controlled. 
[0020] Incidentally, in any of the aforementioned cases, the 

pole electrode including an inside (core) can be formed of the 
resistor, or only a surface of the pole electrode can be formed of 
the resistor. 

[0021] As shown in Fig. 8(a), each pole electrode can be formed 
of a plurality of conductor rods divided in the longitudinal 
direction. In this case, by applying DC voltages, which are 
different stepwisely, to the respective conductor rods, the 
electric field as shown in Fig. 8(b) can be formed. 
[0022] Also, the ion storing section 23 can be formed by the 
structure other than the multipole electrodes. Fig. 9 shows a 
structure in which a number of ring-like electrodes are arranged in 
an axial direction, and in this structure, DC voltages, which are 
different stepwisely, are applied to the respective ring-like 
electrode as in Fig. 8(a) . Also, the RF voltages with the same 
frequency are applied to the respective ring-like electrodes at 
different phases. Accordingly, the introduced ions are stored in 
the ion storing section 23 as shown in Fig. 3(b) , and the ions can 
be accumulated at the exit side end portion. 

[0023] While the ions are held in the ion storing section 23, by 
adequately changing various parameters of the voltage applied to 



the ion storing section 23, for example, a magnitude of the RF 
voltage, a frequency, a magnitude of the DC voltage, the 
inclination mode and the like, the ions having a mass number other 
than the specific mass number can be excluded from the ion storing 
section, or only the ions within the specific mass number can be 
held at the ion storing section. The modification is available in 
the ion storing section 23 having any of the aforementioned 
structures . 

[0024] Also, since an initial potential energy of the ions 

introduced into the ion trap 22 corresponds to a potential at a 
portion (an exit side end portion) of the ion storing section 23, 
where the ions are accumulated, by changing the potential at this 
portion, it is possible to change the kinetic energy of the ions at 
the time of introducing the ions into the ion trap 22. 



split even if the gas collides with the ions, for example, nitrogen 
(N 2 ) , helium (He), argon (Ar) or the like is used. The ion supply 
source 21 constitutes the ionization device in the liquid 
chromatography and in case a gas (nebulizer gas) used for 
ionization enters together with the ions into the ion storing 
section 23, it is not necessary to prepare a cooling gas source 
separately. However, in other cases (for example, in case of the 
gas chromatography , there is provided a device for filling the ion 
storing section 23 with a cooling gas under a predetermined 
pressure . 

10026] While the ion storing section 23 is accumulating the ions 

at the exit side end portion thereof, the exit gate electrode 25 
prevents the ions from escaping to the outside. By changing the 



[0025] 



As 




which is not ionized or 
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potential of the exit gate electrode 25, the accumulated ions are 
bunched and introduced into the ion trap 22. At this time, 
furthermore, when the ions are ejected out of the exit gate 
electrode 25, the voltage at the exit gate electrode 25 is changed 
to push the ejected ions from behind, so that a pulse width of the 
ion can be compressed. 

[0027] At this point, by placing the ion trap 22 in the state 
such that the ion trap does not repel the ions and is liable to 
receive the ions, the accumulated ions are introduced into the ion 
trap space without being wasted, so that the analysis with the high 
sensitivity can be carried out. The state that the ion trap 22 is 
likely to receive the ions can be achieved by, for example, not 
applying the RF voltage to a ring electrode 2 6 of the ion trap 22. 
Then, when all (or the largest amount) of the ions from the ion 
storing section 23 are introduced into the ion trap space, by 
instantaneously applying the RF voltage of the ring electrode 26, 
the ions are trapped in the ion trap space. Thereafter, the mass 
spectrometry is carried out in the same operations as in the 
conventional ion trap mass spectrometer. Of course, an MS-MS (MS n 
in general) analysis can be carried out. 

[0028] Fig. 10 shows a sequence of application timings of the 
entrance gate electrode 24, the exit gate electrode 25, the RF 
voltage of the ion storing section 23, and the RF voltage of the 
ring electrode 26 at the ion trap 22, which are controlled by 
control means. 

[0029] In this sequence, before the entrance gate electrode 24 

is opened (and after the exit gate electrode 25 is opened) , the RF 
voltage of the ion storing section 23 is turned off in order to 
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eject the ions, which remain in the ion storing section 23 in the 
respective repetitive steps, before the ions are introduced from 
the ion supply source 21. 

[0030] Instead of turning off the RF voltage of the ring 

electrode 26 at the time of introducing the ions into the ion trap 
22 as in the sequence shown in Fig. 10, it is possible to adopt a 
method of adjusting a timing such that a phase of the RF voltage of 
the ring electrode becomes a phase which is liable to introduce the 
ions . 

[0031] When the ions are introduced into the ion trap 22, by- 

applying the voltage with the same polarity as that of the ion (in 
case of the positive ion, the positive voltage is applied, and in 
case of the negative ion, the negative voltage is applied) to an 
end cap electrode 27 at the exit side (this voltage is called a 
retarding voltage) , while being reflected by the retarding voltage, 
it is possible to prolong the time for introducing the ions. 
[0032] An ion lens 28 for focusing the ions may be provided 
between the exit gate electrode 25 and the ion trap 22. A 
potential of the ion lens 28 may be changed temporally in 
synchronizing with the ejection of the ions from the ion storing 
section 23. Accordingly, the pulse width of the ion introduced 
into the ion trap 22 can be further shortened. 

[0033] In the ion trap mass spectrometer according to the 
present invention, before the ions are introduced into the ion 
trap, the ions are once accumulated near the exit side end portion 
of the ion storing section, and thereafter, the ions in the pulse 
state are introduced into the ion trap. Therefore, an amount of 
ions, which are not introduced into the ion trap to thereby be 
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wasted, can be made minimum. Also, since the ions are introduced 
in the pulse state, a tendency to the mass dependency of the ions 
which can be held in the ion trap space can be suppressed, and ions 
of the wide range of m/z can be held in the ion trap. 
[0034] While the invention has been explained with reference to 
the specific embodiments of the invention, the explanation is 
illustrative and the invention is limited only by the appended 
claims . 
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